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A JEW CONCEPT OF THE STRUCTURE OF THE PORQUS GAS DIFFUSION ELECTRODE
Dr Olle Llindstrém

Central Laboratories, ASEA, Visterds, Sweden

1. Introduction 1

The author described the wetted porous fuel cell electrode in 1963 in the
following way (1,2)s "The reaction zone is assumed to lie in this extended ‘
meniscus. The walls in the gas-filled pores in the gas—diffusion electrode
are thus covered by a thin film of electrolyte (cf. Fig. 1). The reaction gas
is dissolved in the electrolyte film, diffuses to the electrode surface and
reacts there so that elecirons are taken from, or yielded to, the electrods.
The reaction products diffuse away from the reaction site, which is released
for a new reaction. The electrolyte film should obviously cover large surfaces
in the interior of the porous electrode and stand in good communication with 4
botl the gas side and the electrolyte side." — Tuis thin film hypothesis was
rresented independently by several fuel cell workers at that time. This was quite
natural, since it is difficult to conceive that a sharp three~phase boundary could
exisi in a wetted porous electrode, where the contact angle is almost zero. Will
was the first to present experimental evidence of the existence of an electrolyte
- film in the case of solid, partially immersed electrodes (3,4).

The studies of the gas—diffusion electrode have been dominated by the mathematical |
treaiment of the system of basic equations governing the electrode processes. As !
a rule, the gas diffusion electrode is then considered to be a population of pores, .
irrespecivive of whether the theory utilises the thin-film hypothesis of the hypo-

thesis of a linear three—phase boundary. i

The guestion of structure, however, is the key problem in this connection. The
creditabvle attempts made up to now to give an adequate and effestive description

of the structure of the porous gas-diffusion electrode on the basis of pore models !
nave not been entirely successful. Ksenzhek admits that attempts to correlate the
properties of porous electrodes with the simple pore models have only resulted

in greater complexity (5). The porous electrode is therefore conceived by Ksenzhek
to be a pseudonomogeneous medium, the properties of which are characterised by
effective parameters defining the mass transfer and kinetic properties of the
medium. lficka has coined the expression "fine—structure models" (6) for this type
of continuous or semi-continuous electrode model, and this has also been utilised
vy Ksenzhek (5) and Micka in later works as well as by Newman and Tobias (7).

The electrode model presented below is an attempt in another direction. A geo-
metrical model is developed, which corresponds as far as possible to reality.
The electrode structure is characterised with the aid of structure parameters
having a real physical import. The working electrode is conceived as a compres-
sed powder with the powder grain surfaces covered by a film of electrolyte, cf.
(4,5). This theory has previously been called the"powder film theory" (8,95
because of this conception of the electrode.
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The cohesive gas phase between powder grains in the porous electrode structure
is conceived as veing a2 network of interstices. This initial concept is supple-—
mented by a model of the cohesive film on the grain surfaces, the film network,
which i1s utilised for describing the mass transfer conditions along the electro-—
lyte film. The electrode structure can then be characterised on the basis of
these models with the aid of structure parameters, mainly the film area, film
perimeter, film thickness, interstice width, interstice tortuosity and film
tortuosity. The structure parameters can be determined in a non-electrochemical
way by means of dilatometer measurements, film resistance measurements, etc.,
under actual service conditions. The model therefore forms a good starting point
for the formulation of an absolute electrode and fuel-cell theory.

2. Gas penetration into a porous gas~diffusion electirode

Gas-diffusion electrodes are often produced with the help of powder metallurgy
by pressing (or rolling) of metallic powder, followed by a sintering process.
Pressing gives the electrode plate a certain strength, which is considerably
improved during sintering. During sintering, the grains in the contact surfaces
become bonded under the influence of surface forces and plastic deformation. The
structure developed during the pressing, however, remains largely speaking un-
altered. This is especially true of active nickel electrodes, which are sintered
at a low temperature, 500 to 600°C.

A section through the coarse layer of a working electrode is shown in Fig. 2. The
powder grains are assumed to be covered by a cohesive elecirolyte film. Cohesive
electirolyte bridges are formed across narrow passages. The cross—sectional area
is thus divided up into electrode material, film, electrolyte bridges and gas-
filled spaces.

The electrode may be conceived as being a stack of sufficiently thin disecs,
electrode sections, which can be formed from a series of sections parallel to

the electrode surface (in a homogeneous electrode material the structure of the
sections is not affected by the orientation), cf. Fig. 3. The total electrode
area in 1 cm? electrode sections available for electrochemical reaction consists
of the electrode area covered by the electrolyte film, i.e., dA =N * 4L * s,
where I is the film length or film perimeter available, and s a tortuosity factor,
the interstice tortuosity. (Electrocatalytically active material is agsumed to be
uniformly distributed over the electrode surface.) The area of the film covering
the electrode, which can be called the film area dA, is sometimes considerably
less than the actual area of the underlying electrode material.

With low differential pressures and an electrode body completely filled with
electrolyte, the surface forces binding the electrolyte to the electrode material
in tne outer layer of the electrode exceed the gas pressure acting on the liquid
body. Wien a certain critical pressure is reached, however, the first minute
ouantity of gas begins to penetrate into the electrode, see Fig. 4. The gas
pressure, which acted on that part of the liquid body in the outer layer which
nad been forced vack, then very slightly exceeds the capillary force which acted
on this part of the liquid body at the instant when it was displaced. As the pres-
sure increases, the electrolyte is displaced more and more for the same reason.
The volume of the electrolyte displaced is equal to the cross—-sectional area of
the newly formed gas-filled spaces in a typical electrode section multiplied by
the thickness, L, of the coarse layer.
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An increase of dP for a differential pressure P, dyn/bmz, results in a further gas,’
penetration, dV, corresponding to a cross-section with an area equal to dV/L and
the film perimeter dN. If the surface tension is denoted G’dyn/cm and the contact
angle O, the balance between the differential pressure and the capillary force ‘
for the elements in question gives

ax + C+ cos & = P+ av/L (1)
Dilatometer experiments, see below, give V = £(P), from which i
av = £ (P) - 4P ' (2)

and

a « "+ cos @ =P ¢ £'(P) * aP/L ‘ (3) i

are obtained.
Integration gives

F /
1 - ' .
L * ¢ ° cos © /’ Pt (P) ar (4)
: (¢}

W
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A number of significant conclusions can-be drawn from Eq. (4). A high differential
pressure P and a steep derivative f'{(P) give a high value for N and thus a large
film area for electrochemical reaction. A large film area clearly cannot be com—
bined with a structure permitting low differential pressures, except when there

is some means of altering the surface tension or contact angle.

Provided that V is an unequivocal function of P (no hysteresis), the integration,
Eq. (4), can be accomplished and N is obtained as a function of P. The film area,
A, is then determined with the aid of the interstice tortuosity s. Fig. 5 shows
the film perimeter N as a function of the differential pressure. Since Eq. (4)

has been derived on the assumption that there is no hysteresis, only the ascending
curve branch in Fig. 4 has been utilised for the calculations.

The electrode activity for decreasing gas pressure often lies at a higher level
than for increasing differential pressure, cf. Fig. 4. The size of the gas-filled
volume per cm? electrode area, V, as a function of the differential pressure
displays a similar hysteresis effect, which can also be seen from Fig. 4. 4
possible explanation of the hysteresis effect is that the electrode structure is
not ideal with regard to internal communications. Certain spaces are blocked by
small passages sealed with a liquid lock (the ink-stand effect). A higher gas
pressure is required to open the passages and reach the blocked—off spaces.

The hysteresis effect depends partly, however, on the rate with which the process
takes place. This suggests that electrolyte transport in the porous electrode is

a slow process, which is not. surprising in view of the large surfaces and the thin
film layers.
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' Two different kinds of electrolyte transport can be conceived:s plug flow and film
flow. Plug flow would correspond to the normal flow in a pipe under the influence
1 of a pressure gradient. This assumes that the entire cross-section in the pipe/
pore is filled with liquid. The film flow would represent transport of liquid
through the displacement of liquid from film regions having a higher thermodyna-
mic potential to regions having a lower potential. Film flow compared with plug
flow must be a less efficient process for material mass transfer, owing to greater
frictional resistance and a low driving force. It should be possible, however,
Tor mass transfer by means of film flow to take place independent of ink-stand
struciures, etc. This means that it should be possible for the hysteresis to be
wore or less eliminated, if the changes in pressure are made sufficiently slow to
give time for the film flow. This is not contradicted by the experiments. Hyste~
resis is ireated wita the aid of an interstice model. The space between the grains
) in an elecirode section, cf. Figs. 2 and 3, is assumed to be divided into inter-
ices, c¢f. Fig. 6. These interstices are assumed to be gradually and successively

"

i illed with electrolyte as the differential pressure drops, or with gas as the

' differential pressure increases. This presentation is thus based on the geometrical
b

. relationsaips cduring t:e consiriction process.

An interstice has the width D, height G and thickness equal to that, dL, of the
electrode section. (D does not include the film.) The interstice thickness dL is
. constant and the seight G is assumed to be constant so that the interstice cross-
/ section wiil also be constant (= dL * G). Under these conditions the interstice
! volure is consequently directly proportional to the interstice width D. Each
. interstice width, D, clearly corresponds to a certain differential pressure, P,
waich is just sufficient for gas penetration into the interstice, provided that
tae interstiice in guestion can freely communicate with the gas and electrolyte
cide via a chain of other interstices of at least the same width.

Tae distribution of the interstices can be illustrated with the aid of frequency
districtution curves. These can also ve presented in histogram form. The associated
differential pressure, P, can also be used instead of the interstice width, D, as
an independent parcmeter in these histograms.
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all interstices belonging to a given pressure class will not be filled with gas
whien the pressure is increased to the relevant pressure P, under the conditions
applicavle to tie rates of change of the pressure. To permit a simple numerical
ireatment of iie iysteresis curve, it is assumed that a continued rise of the
:fferential pressure to the next higher pressure class causes all interstices
of the affected size not previously filled with gas now to be filled with gas.
Waen ihe pressure returns to its original value, some of the interstices in
question are filled with electrolyte. As a further simplification, it is assumed
' tnat all the interstices in question are filled with electrolyte again, when the
‘pressure is reduced to the next lower pressure class.

———— .

With these aszsumptions it is possible to recalculate the experimentally deter-
ained yzteresis curve for tae volume of the gas that has penetrated into the
electrode as a Tunction of the differential pressure to associated hysteresis
curves for ihe film perimeter and film area. An Algol programme is utilised for
tke nwierical ireatment.

The cas penetration into ithe elecirodes for varying differential pressure has
veen measured wita tie aid of a dilatometer, see Fig. 7. The interstice tortuosity,
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s, can be determined in a conventional manner by means resistance measurements
across an electrode completely filled with electrolyte in a measuring cell, ses
Mg. 8.

3. Structure of the electrolyte film

The area and thickness of the film are of 1mportance to the transport of gas, e.g.,
audroben or oxygen, to the electrode surface from the gas phase right through the
film to the electrode surface. Other reactants and reaction products are transpor-
ted, nowever, in the liquid phase along the film to or from the reaction sites

in the electrode surface. These transport paths run along the film covering the
powder grains, and from grain to grain via electrolyte bridges and the sintered
functions between the grains. This siructure is called the film network, see

Fig. 9. The ionic resistance of the film network and its resistance to diffusion
of uncharged species depend in a similar manner on the struciure. The resistance
of tie film network to material mass transfer can therefore be assessed through
measurement of the ionic film resistance.

The available film area, A, in an electrode area of 1 cm2 can be presented as an
equivalent rectangular disc from the transport point of view with the electrode
in question naving a length fil and thickness F. The transport is thus assumed to
take place in the longitudinal direction. .

The film tortuosity f has another significance than the interstice tortuosity, s,
prev1ously introduced. Film resistance measurements are carried out in a cell
similar to that used for determining the interstice tortuosity, cf. Fig. 8. In
tiis case, measurements are performed on electrodes provided with a fine layer

on ooth sides of the coarse layer with the gas applied to a ring arranged around
the periphery. lleasurements can also be performed on normal electrodes provided
with only one fine layer with the aid of a thin auxiliary fine~layer plate pressed
direct on to the gas side of the test electrode.

4. Typical experimental results

Table 1 shows examples of the results obtained on different types of porous gas—
diffusion electirode, but not ASEA's production electrodes.

The toruu051tj factor s is utilised for determining the film area A from the film
perimeter II. Values around s = V 2 could be expected which corresponds to the
mean value of the relationshlp between the surface of a plane surface element

and its projection on a plane having an arbitrary slope relative to the surface
element. This is in close agreement with the experimentally determined values of
s according to Table 1.

The film areas for the oxygen electrodes at the maximum differential pressure in
Table 1 agree fairly well with respect to order of magnitude with corresponding
BET surfaces and' with pore surfaces calculated from determinations on pore dia=~
neters with mercury porosimeter. As far as hydrogen electrodes are concerned,
which contain nickel boride catalyst, the BET surface is considerably larger than
the film area. These hydrogen electrodes clearly display a considerable atomic
roughness compared with the oxygen electrode, which is also reflected in a higher
value of the film thickness.
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"he mean value of tie interstice width, 5, agrees rather well with the mean pore
diameters determined with the mercury porosimeter, with the exception of the AMT
electrode. The values of the film tortuosity, f, listed in Table 1, are very
approximative owing to the inexactness of the film thicknesses determined here.
Waen the transport. properties of the film in the longitudinal direction are to
De assessed, it is preferable %o utilise the resistance z as a direct measure of
this transport property of the film network.

Fig. 1C siiows the film area as a function of the differential pressure for an
oxrgen electrode in 7-I KOH at 25°C. The current density at =100 mV versus Hg/HgO
is plotted on the same diagram together with the film resistance. As the differen-
tial pressure increases, the current density rises in proportion to the film area,
and then passes through a maximum for a further increase in the differential pres-
sure, wien the film resistance starts to become considerable. These conditions

are suitable for a further simple analysis.

5. Division of elecirode resistance into componént terms

Limiting current density cannot be observed in technically interesting electrodes
at the recommended service conditions. The current-voltage characteristic of a
fuel cell during short-iern runs is generally linear down to cell voltages close
to zero. The apparent internal resistance in the fuel cell is thus practically
speaking constant for a varying load, but with otherwise constant operating
conditions, if low loads are neglected.

The internal resistance of the fuel cell can be divided up in the first place
into three terms: one term associated witn the ionic conductivity in the electro-
lyte space and the electronic conductivity in electrodes and current collectors,
one term associated with the specific cathode functions and one term associated
wiia the specific anode functions. These terms, which can each be experimentally
deternined are also largely speaking constant and independent of the current den-
8itly, with the exception of oxygen electrodes under low load.

The apparen* electrode resistance in its turn can be further divided into terms,
rartial resistances, having a physical significance. These partial resistances

can be conceived as varying in such a way that their sum total will remain constant
in agreement with experimental observations. As an alternative, the different
component resistances are each constant, to the extent that they are not negli-
Zibly small compared with the total electrode resistance.

The reaction path from the gas space to the inside of the fine layer via the
electirochemical reaction step in a section of an electrode is assumed to pass
across three series-resistors. The first resistor can represent the resistance

" to gas diffusion across tae film and is denoted R_. The second resistor describes

the slowness of tie elecirochemical reaction and §s denoted Ry.. The third resistor
is associated wit: the slowness of the ion transport along tne. film and is denoted
Rj. The reaction resistance Rp is assumed to be constant for the relevant low
current densities, corresponding to a linear relationship between current density
and activation polarisation. The gas-—diffusion resistance, Rg, ig inversely propor-
tional, with the other conditions being constant, to the film area in the section
dA ané ihe absolute pressure p. (The film thickness F is assumed to be constant.)
The ion migration resistance R; is directly proportional to the film resistance z.
The total resistance Ry can be written as
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o : 1 . '
R, = Rg + Rr + Ri T + G, f 03 2 u (5)

where C1, C», and C3 are assumed to be constant to the extent that the component
resistances are small in relation to the total resistance. The quantities dA ang
z vary with the differential pressure, etc. If the electrode is assumed to be
very thin, Eg. (5) may apply to the entire coarse layer, and therefore the film
area A is introduced instead of dA in Eq. (2). The resistance terms Ry, Rg, Ry
and R; will then have the quantity ohm and represent weighted mean values.

Déspite this considerable simplification of the actual conditions, Eq. (5) hag
been found to result in a qualitative agreement also with the relatively thick
electrodes utilised for these measurements.

The film diffusion is the decisive factor for low film areas, and therefore the
constant C] can be easily estimated from data for very low differential pressures.
The constant C] is thus estimated from the plotiing of the electrode resistance
Rty as a function of the inverted product film area x absolute pressure, i.e.,

1/ 4 - p). {The electrode resistance for the hydrogen electrode has been deter-
mined through division of 0.10 V by the current density, in A/cme, at 0.1 V pola=
risation, and for the oxygen electrode by division of 0.17 V by the current den-—
sity at -0.1 V versus ‘g/hﬁo ) A straight line is drawn through the origin and
points corresponding to small film areas, where the diffusion through the film

is assumed to be rate-determining, Fig. 1l. As a rule, the cluster of points is
deflected near the Y-axis and intersects this at the ordinate, which does not lie
at zero because other processes than diffusion bacome rate—determining for higher
current densities. With the constant C) determined in this manner, Ry + Rj =

= Ry - Cl/A * p is plotted in a new diagram as a function of the film resistance
z. A straight line is drawn through points associated with higher resistance
values, cf. Pig. 12. Tais gives the constant term Cp, which is the ordinata in
the origin, and the constant C3, which is the slope coefficient for the line of
regression. The constants are tested by means of calculation of current densities,
which are compared with the measured values. As a rule, this gives a satisfactory
relationship with a straight line across the entire range from very low current
densities to high ones.

In this way it is clearly possible to divide up the apparent electrode resistance
into a constant term, a term determined by the film area and a term determined by
the film resistance, cf. Table 2. The constant term plays a relatively important
role for the experimental electrodes and the comparatively low temperatures used
during the measurements for Table 2, which implies that the electrocatalytic
activity is the limiting factor in these cases. Table 2 also shows how the three
component resistances vary with the differential pressure and thus how the rate-
determining step depends on the differential pressure.

Table 3 lists calculated values of tne elecirode polarisation for the oxygen
electrode type AHT at 50°C in Table 2. These calculated values agree with the
measured value of 0.17 V across the entire hysterssis curve, which must be inter-
vreted as indicating that Eq. (5), at least for this type of porous gas-diffusion
electrode, effectively presents from the practical point of view the electrode
resisiance and its dependence on the structure parameters.
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Fig.l. Elecirolyte film in a porous gas—diffusion electrode
 {from references 1 and 2)

Fig.2. Section through the coarse layer of a working electrode
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Fig. 3. The electrode section viewed from the side (for the
notation see Fig. 2)
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gas/cm2 electrode (V), and electrochemical activity, given
as 4/cm? at 800 mV versus Hg/HgQ, as a function of the
differential pressure P, dyn/cm
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Fig. 10. Film area A, cmz/c.m2 electrode, film registance Z,

ohm ¢ cm, and electrode activity, mi/cno

at =100 mV

versus Hg/HgO, as a function of the differential
pressure P, dqm/cmz, for an oxygen electrode in

7-K XOH at 25°C
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Fig. 11. Estimation of the constant C; in Eq. (5) :
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Fig. 12. Estimation of the constants 02 and 03 in Eq. (18)



